It is not readily apparent how pulmonary function could be improved by resecting portions of the lung in patients with emphysema. In emphysema, elevation in residual volume relative to total lung capacity reduces forced expiratory volumes, increases inspiratory effort, and impairs inspiratory muscle mechanics. Lung volume reduction surgery (LVRS) better matches the size of the lungs to the size of the thorax containing them. This restores forced expiratory volumes and the mechanical advantage of the inspiratory muscles. In patients with heterogeneous emphysema, LVRS may also allow space occupied by cysts to be reclaimed by more normal lung. Newer, bronchoscopic methods for lung volume reduction seek to achieve similar ends by causing localized atelectasis, but may be hindered by the low collateral resistance of emphysematous lung. Understanding of the mechanisms of improved function after LVRS can help select patients more likely to benefit from this approach.
Inflammatory changes associated with chronic obstructive pulmonary disease (COPD) initiate the changes in lung mechanical properties that characterize emphysema. Inflammation leads to destruction of elastin, which contributes to lung elasticity, and collagen, which provides tensile strength. Although recent interest has focused on the cellular and molecular mechanisms contributing to emphysema, the study of lung mechanical stresses, one of the earliest postulated causes of emphysema (1) , has received less attention. Weakened lung parenchyma is more likely to fracture during respiratory stress, and coalescence of a few alveoli can increase stress on adjacent units in a way that favors formation of large, localized cysts similar to the pattern seen in patients with advanced emphysema (2) (3) (4) .
Effects of Emphysema on Expiratory Flow
These sequelae of inflammation ultimately decrease lung elastic recoil and small airway caliber, contributing to characteristic airflow limitation. The three classic determinants of expiratory flow limitation are lung elastic recoil, the propensity for airways to close, and airway resistance (5) . Loss of elastic recoil in emphysema decreases the upstream pressure that drives expiratory flow, thereby decreasing maximal flows at any lung volume. Loss of elastic recoil also increases the unstressed volume of the lung (the volume remaining when elastic recoil is zero). Loss of radial traction on airways from lung parenchyma contributes to airway closure at higher lung volumes (increased trapped volume) because a higher transmural pressure is required to maintain airway patency. In addition, airway caliber at any lung volume is decreased (6) . Coexisting small airway inflammation and fibrosis further increase airway resistance (7, 8) . These changes collectively reduce the rate of lung emptying.
The rate of lung emptying may be expressed as its time constant, the time necessary for approximately 63% of the lung to empty. The time constant is the product of lung compliance and resistance; in emphysema, it is prolonged by both increased compliance and increased airway resistance. On the expiratory flow-volume curve, this can be seen as a decreased slope, which is in units of 1/time. Greater heterogeneity of rates of emptying among lung units makes the slope concave upward, as more rapidly emptying units dominate in early expiration and slowly emptying units dominate in later expiration. The prolongation is also manifested by decreased FEV 1 /FVC, which is inversely proportional to the time constant.
Consideration of only FEV 1 /FVC, however, overlooks a second important factor in the decreased FEV 1 in emphysema. Although decreased FEV 1 /FVC is a hallmark of obstruction, it is also axiomatic that FEV 1 is the product of FEV 1 /FVC multiplied by FVC:
This equation is simple to the point of tautology, but it focuses attention on an overlooked aspect of lung function that becomes central to understanding the effects of emphysema and of LVRS: FEV 1 will be decreased by reductions in FVC. That is, FEV 1 can be reduced if the lungs empty either more slowly or less completely. As will be shown, both factors are at play in emphysema.
Effects of Emphysema on Inspiratory Muscles
In addition to reducing maximal expiratory airflow, the parenchymal changes of emphysema have important effects on inspiratory effort. The altered balance between passive lung and chest wall recoils increases FRC. When tidal expiratory flow is sufficiently decreased, end-expiratory lung volume will exceed equilibrium FRC, especially when ventilation increases with exercise (dynamic hyperinflation).
Increased end-expiratory lung volume impairs the efficient operation of the inspiratory muscles. The diaphragm operates at a shorter resting length during tidal breathing, in an unfavorable position on its length-tension curve. This leads to decreased force of contraction for a given neural stimulus (9) . Changes of in vivo diaphragm configuration also impair its effectiveness at lowering pleural pressure for a given tension. The muscle fibers are oriented more radially. The diaphragm is less able to descend during inspiration, and less effective at rotating the lower ribs outward.
Finally, increased end-expiratory lung volume also increases the load against which the inspiratory muscles must operate. Elastic recoil of the chest wall is directed inward at high volumes. Dynamic hyperinflation and premature airway closure means inspiratory effort begins while alveolar pressure is still positive, such that isovolumic inspiratory effort is expended to reduce alveolar pressure to ambient before inspiratory flow can commence. The curvilinear pressure-volume relationship of the lung requires a greater change in pleural pressure to distend the lung by a given tidal volume at higher lung volumes. Thus, dynamic hyperinflation reduces inspiratory muscle pressuregenerating capacity while it increases pressure-generating demands, a situation predisposing to respiratory failure. Exertional dyspnea in COPD correlates with increased end-expiratory lung volume (10) .
Coupling of the Lungs and the Inspiratory Muscles
The effects of emphysema on the lung and effects of hyperinflation on the inspiratory muscles are closely intertwined, and together reduce FEV 1 . Residual volume (RV) is increased due to premature airway closure and large volumes of air trapped in cysts and bullae. The relatively normal inspiratory muscles are incapable of expanding the emphysematous lung much above RV. Maximal elastic recoil pressure is low. Total lung capacity (TLC) increases, but not by as much as RV. Thus, the difference between these two volumes, VC, is reduced. Because FEV 1 depends on, and can never exceed, FVC (Equation 1), FEV 1 must fall. Any associated increase in time constants will also decrease FEV 1 . However, quantitative analysis has shown that decreased VC is the major factor in the reduction in FEV 1 in both COPD and a 1 -antitrypsin deficiency (11) . These changes are quite similar to what would be found if a pair of perfectly normal lungs from a very large person were transplanted into the chest of a small person.
PHYSIOLOGIC BASIS FOR IMPROVEMENT AFTER LUNG VOLUME REDUCTION SURGERY
As with any procedural therapy, some variability in outcomes is due to differences in operator skill that cannot be quantified. The purpose of this section is to understand the outcome variability that can be attributed to physiologic factors-that is, to measure that which can be measured, and perhaps supplement clinician judgment with quantifiable predictors of outcome. Otto Brantigan and colleagues' earliest reports of lung volume reduction surgery (LVRS) proposed that increased elastic recoil, increased radial traction on airways, and restoration of a more normal configuration of the respiratory muscles explained the clinical benefits (12) . Fifty years later, these speculations remain roughly correct.
Increased Lung Elastic Recoil
Early physiologic studies of LVRS focused on increased elastic recoil and decreased airway resistance (13) (14) (15) (16) (17) . For example, Gelb and coworkers showed that LVRS increased elastic recoil at a given lung volume (13, 14) . It is intuitively obvious that removing a portion of lung would increase the recoil of the remaining lung that expands to fill the thorax (assuming that bullae do not expand instead). However, preoperative measurements of elastic recoil do not reliably predict response after LVRS, and improvement in recoil correlates poorly, if at all, with improvement in FEV 1 (13, 16) . In groups of patients undergoing LVRS, mean changes in FEV 1 /FVC (which would be expected to increase from an increase in recoil) are small or absent despite mean improvements in FEV 1 (18, 19) . Thus, although LVRS usually will increase recoil pressure at TLC, this does not fully explain increased FEV 1 .
Studies examining the effect of LVRS on airway resistance have also shown inconsistent findings. Gelb and coworkers (13) found LVRS increased the slope of the relationship between recoil pressure and maximum flow (greater flow at the same pressure), suggesting a decrease in airway resistance. In contrast, Scharf and colleagues (15) found no consistent changes in airway resistance using similar methods. Several of their subjects even showed marked increases in airway resistance. In these cases, airflow nevertheless rose, so the increased recoil was apparently sufficient to mask the increase in resistance. This heterogeneous response in airway caliber was attributed to distortion and/or kinking of the airways, as well as reduction of total airway cross-sectional area.
Increased VC
To better understand postoperative increases in FEV 1 , one must note that LVRS increases VC as consistently as it does FEV 1 . However, it is not immediately apparent how lung resection can allow a patient to exhale a larger volume of air.
Many studies have suggested that the best candidates for LVRS are those in whom emphysema is most heterogeneous, with localized target areas composed only of cysts and bullae (20) (21) (22) (23) . Consider the effects on RV and TLC after removal of such regions. Lung compliance would not change, because these empty spaces do not contribute to lung elasticity. RV would fall by the volume of the resected cysts and bullae. TLC would also fall. However, the inspiratory muscles can now stretch the remaining lung further. Therefore, the difference between TLC and RV, VC, increases ( Figure 1A) . From Equation 1, FEV 1 increases because VC increases. Although lung recoil rises, this does not per se improve FEV 1 .
If emphysema is diffuse such that LVRS resects some portions of more normal lung as well as cysts, then lung compliance will fall, and maximal recoil pressure will increase further. However, the recoil of the less compliant lungs will hinder the ability of the inspiratory muscles to preserve TLC. The improvement in VC, and therefore in FEV 1 , will generally be less ( Figure 1B) . The baseline characteristics that predict the greatest improvement in FEV 1 can be modeled mathematically (11) . They are high lung compliance, low airway resistance, capable inspiratory muscles, and, most important, a high RV/TLC. This ratio expresses the mismatch between the size of the lungs and the size of the thorax. These characteristics, of course, are those of emphysema, and this model explains why LVRS would be useful in that disease but not in pulmonary fibrosis, despite increasing recoil much more in the latter.
A few studies have applied this model to patients undergoing LVRS. One used multivariate logistic regression to identify preoperative predictors of improvement in FVC and FEV 1 in 83 patients who had undergone a variety of LVRS procedures (24) . Equation 1 was applied to partition the improvement in FEV 1 into its contributing factors. The data revealed both the strengths and weaknesses of the underlying mathematical model. As predicted by the model, the baseline RV/TLC was the only independent predictor of the change in FVC. When the subjects were divided into two groups based on RV/TLC above or below the median value (0.67), patients with low RV/TLC had no significant change in FVC, whereas those with high RV/TLC had improvement in FVC. Furthermore, 70% of the change in FEV 1 could be attributed to the change in FVC. However, the model was less successful at predicting the change in FEV 1 , which failed to correlate with the baseline RV/ TLC. Subjects with low baseline RV/TLC had the same mean improvement in FEV 1 (42 6 12%) as those with high baseline RV/TLC (51 6 6%). This indicates that changes in FEV 1 /FVC also contribute to the change in FEV 1 . Subjects with low baseline RV/TLC were more likely to have improved FEV 1 /FVC, and 86% of their improvement in FEV 1 was attributable to increased FEV 1 /FVC. In contrast, among the high RV/TLC subjects, 79% of their FEV 1 improvement was due to increased FVC. Thus, the theoretical model is limited in that it does not anticipate or explain the improvement in FEV 1 /FVC seen in some patients.
Some of these mechanisms were studied in greater detail in a group of patients who had lung and chest wall mechanics measured with esophageal balloon catheters before and after LVRS (25) . The patients were categorized into responders and nonresponders on the basis of their improvement in FEV 1 (an increase by 50% in the former and no significant change in the latter group). Differences between the groups were then explored. The responders had an increase in VC, whereas in nonresponders RV and TLC fell equally and VC was unchanged. Lung compliance fell and recoil pressure rose in both groups and, on average, neither group showed changes in the pressure at which airways closed or the airway resistance upstream from the site of flow limitation. Improvement in FEV 1 was largely or wholly attributable to the increase in VC.
Many studies have documented that LVRS outcomes are better in patients with heterogeneous emphysema, especially of the upper lobes, than in those with diffuse emphysema (20, 22) . Before the National Emphysema Treatment Trial (NETT), some centers selected only patients with heterogeneous emphysema for surgery (21) . The NETT has confirmed better functional and symptomatic results in such patients (23) . There are several potential explanations for this finding. First, as described above, resection limited to areas extensively replaced by cysts and bullae would come closest to removal of pure RV ( Figure  1A) . Second, large bullae may compress more normal lung. This can distort airways, cause microscopic areas of atelectasis, or impair the surface-active properties of the compressed lung. Similar findings have been described in normal subjects subjected to chest strapping (26) . Allowing these compressed areas to inflate more fully could reverse these changes. This would attenuate the decrease in lung compliance after LVRS (maximizing improvement in VC), and could improve airway resistance. It is not known precisely which of these mechanisms explain the generally better outcomes among patients with heterogeneous, upper lobe emphysema.
In summary, improvement in FEV 1 after LVRS is not due to increased lung recoil pressures or normalization of the elevated compliance of emphysema. LVRS better matches the size of the lungs to the capacity of the thorax which contains them. This increases VC, the major determinant of the increase in FEV 1 . In individual patients, improvement in the rate of lung emptying also contributes to increase FEV 1 .
Respiratory Muscle Function
Inspiratory muscle function may improve because of restoration of a normal mechanical advantage. However, the effects of LVRS may be more complicated than simply allowing tidal breathing to occur at a lower working volume.
LVRS increases the maximal force of contraction of the inspiratory muscles at RV or FRC, the expected result of decreased lung volumes (27, 28) . This has also been shown specifically for the diaphragm, measured by maximal transdiaphragmatic pressure during sniffs, inspiratory/expulsive maneuvers, and phrenic stimulation (19) . Cassart and colleagues used threedimensional reconstruction of the diaphragm from computed tomography scans to show that LVRS increased the zone of apposition, which would improve the mechanical efficiency of inspiration (29) . Increased zone of apposition has also been as- Figure 1 . (A) Effects of lung volume reduction surgery (LVRS) that removes only cysts and bullae. The dashed line represents the static relationship between pleural pressure and lung volume, as might be recorded as a subject with emphysema makes a very slow (quasi-static) inspiration from residual volume (RV) to total lung capacity (TLC). VC is represented by the difference on the ordinate between TLC and RV. Maximal elastic recoil pressure is shown by the double-headed arrows at TLC. The slope of the relationship is lung compliance. The line labeled ''inspiratory muscle capacity'' represents the chest wall pressure-volume relationship during maximal inspiratory muscle contraction. It could be recorded by measuring the maximal negative pleural pressure as a subject makes a series of inspiratory efforts against an occluded airway at various lung volumes. TLC is reached when the increasing recoil of the lung equals the diminishing maximal recoil of the chest wall. Effects of LVRS are shown by the thin vertical line. Because this LVRS removed only destroyed lung, which does not contribute to lung elastic properties, compliance is unchanged. RV is reduced, and TLC is reduced by a lesser amount because the muscles can stretch the remaining lung further. The difference between them, the VC, increases. Recoil pressure also increases, but this does not cause the increase in VC. (B) Effects of LVRS in a patient with diffuse emphysema. In this example, the resected lung includes parenchyma, which has some elastic recoil. Its removal decreases the compliance of the lung left behind. Note that now the recoil pressure rises by more than in (A), but the VC improves by less. If LVRS impairs intrinsic muscle function, the curve labeled ''inspiratory muscle capacity'' would shift downward. This would also limit the improvement in VC.
sociated with decreased motor unit firing rates in the diaphragm and scalenes (30) .
There are additional effects of LVRS that could impact respiratory muscle function. On one hand, decreased corticosteroid use and/or decreased Pa CO 2 may improve intrinsic muscle function. On the other hand, respiratory muscles may adapt to longstanding hyperinflation. With experimental emphysema, the diaphragm remodels to better match its length-tension relationship to its foreshortened resting length (31, 32) . Similarly, patients with COPD may have better inspiratory muscle function than normal subjects at equal lung volumes (33) . If LVRS countermands such adaptive mechanisms, then the expected improvements due to decreased lung volume alone may be attenuated. For example, in one study (25) , inspiratory muscle function was measured with esophageal balloons. Before and after full recovery from LVRS, subjects made maximal inspiratory efforts against an occlusion at a range of lung volumes from RV to TLC. This yielded a pressure-volume relationship representing maximal muscle capacity ( Figures 1A and 1B , the line labeled ''inspiratory muscle capacity''). Surprisingly, LVRS depressed this relationship. That is, at any given lung volume, subjects could lower esophageal pressure less after surgery than before. This impairment of respiratory muscle function would undermine the spirometric benefits of surgery. The mechanism of this impairment is not known. Animal studies have shown diaphragmatic injury and dysfunction in the immediate postoperative period, attributed to acute stretching of the muscle (34) . In patients, sniff inspiratory pressure improved between 6 weeks and 6 months after LVRS, suggesting inspiratory muscle recovery or remodeling (35) .
In summary, LVRS improves inspiratory muscle function by reducing lung volume, thereby improving the mechanical advantage of the inspiratory muscles. However, intrinsic muscle function may be somewhat impaired after surgery, limiting the potential benefits.
PHYSIOLOGIC BASIS FOR IMPROVEMENT AFTER BRONCHOSCOPIC LUNG VOLUME REDUCTION
Several promising techniques for lung volume reduction (LVR) via a bronchoscope are under investigation (see Ingenito and coworkers, pages 454-460, this symposium [43] ). Here, we compare the physiologic mechanisms of improvement of surgical versus endobronchial LVR.
Most bronchoscopic methods attempt to induce atelectasis. This may be achieved with one-way (expiratory) valves placed in the airways or by introduction of tissue glues (36) (37) (38) (39) . In patients in whom atelectasis is achieved, mechanisms of improved lung function or symptoms are likely identical to those after surgical LVR. Hopkinson and colleagues (37) compared patients who did or did not develop radiologic atelectasis after bronchoscopic valve placement. Atelectasis was relatively rare (5 of 19 subjects). Improvement in lung function and exercise ability was significantly greater in patients who developed atelectasis. However, they also found improved exercise tolerance in some patients in whom atelectasis did not occur. This may have been due to increased inspiratory capacity or decreased dynamic hyperinflation during exercise. The authors speculated that low collateral resistance in emphysema (40) and incomplete lobar fissures may prevent gas absorption despite airway occlusion, thus limiting the effectiveness of these techniques.
Another bronchoscopic technique seeks to create fenestrations from major airways directly into lung parenchyma. This idea originated from Peter Macklem, who, in 1978, had suggested that the low collateral resistance in emphysema could be exploited by making holes directly through the chest wall into the lung, akin to the spiracles through which insects breathe (41). Lausberg and coworkers showed improved ''spirograms'' from explanted emphysematous lungs after bronchial fenestration was performed. Increasing the number of fenestrations further improved the spirogram, suggesting significant expiratory flow was occurring through the holes (42) .
Few in vivo clinical data have been published on this technique. However, it is apparent that improved expiratory airflow after this procedure in patients is not due to expiration through the new holes. This is because both TLC and RV decrease in subjects who have undergone this procedure (Peter Macklem, M.D., personal communication). If the fenestrations were merely added channels for expiratory flow, RV might decrease but TLC would not. The decrease in both of these lung volumes suggests that the fenestrations allow air trapped in cysts and bullae to slowly drain. Furthermore, these channels must be too small to allow them to refill during a brief inspiration to TLC. Otherwise, TLC would not have fallen. The effect on lung volumes is similar to surgical or other bronchoscopic LVR methods. The implication of this finding is that the size and number of these fenestrations are critical. Too many holes would allow cystic regions to empty and refill during tidal breathing, thus preventing lung volume from falling and increasing dead space ventilation. Clarification of these factors awaits publication of more detailed clinical data.
CONCLUSIONS
LVRS improves lung function primarily by better matching the size of the lungs to the thorax, which contains them. This improves expiratory airflow and reduces dynamic and static hyperinflation. Reduced lung volumes allow the inspiratory muscles to lower pleural pressure with greater mechanical efficiency. Bronchoscopic LVR techniques attempt to achieve the same endpoints without the need for surgery, but the tendency for atelectasis to develop is limited by collateral ventilation. Better understanding of the mechanisms of improvement in lung function may assist in selecting the optimal patients for these procedures.
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